Abstract Rapid cooling contracture (RCC) was observed in frog toe muscles pretreated with caffeine, chlorpromazine (CPZ), or haloperidol (HPD). During rapid cooling contracture in the presence of caffeine (caffeine-RCC) tension developed to more than 0.8 of the maximum tetanic tension (P0). CPZ inhibited twitch but induced rapid cooling contracture (CPZ-RCC) between 50 and 150 pM; the tension saturated at the level of 0.75 Po at 100 ,uM. HPD also inhibited twitch and induced rapid cooling contracture (HPD-RCC) at concentrations greater than 25 zM; the maximum tension was 0.25 P0. In the presence of dantrolene (10 µM), the tension during CPZ-RCC was reduced by 40%. Procaine (0.25%) reduced the CPZ-RCC tension by as much as 60%. These results suggest that CPZ and HPD induced rapid cooling contracture by reducing Cat +-accumulation in sarcoplasmic reticulum.
Chlorpromazine (CPZ) inhibits contractions in striated muscle at low concentrations (<100 toM) (KOPERA and ARMITAGE, 1954; RYALL, 1956) but causes contracture at higher concentrations (>200 ,uM) (RYALL, 1956; KELKAR et al., 1974) . These actions of CPZ are likely to be mediated, at least in part, by its effect on the excitation-contraction coupling, since CPZ is known to release Cat + from fragmented sarcoplasmic reticulum (SR) (BALZER et al., 1968) . However, the effect of CPZ on the SR in the intact muscle is not well understood.
Caffeine is known to cause Ca2+ release from the SR muscle fibers (ENDo et al., 1970) . SAKAI et al. (1972) reported the rapid cooling contracture (RCC) in frog muscles pretreated with concentrations of caffeine (below 1 mM). The caffeine rapid cooling contracture (caffeine-RCC) of frog striated muscle has been considered to be caused by the release of Ca2+ from the SR and by the inhibition of Ca2+ uptake by the SR SAKAI and KURIHARA, 1974) . In the present experiment, we studied the effects of chlorpromazine and haloperidol (HPD) on RCC in an attempt to clarify their actions on the SR in the intact muscle.
MATERIALS AND METHODS
A toe muscle (M, extensor longus digitii IV) of Japanese frog (Rang nigromaculata) was dissected under a binocular microscope. One end of the muscle was tied to a strain gauge transducer (Nikon Kohden TB612T) with silk thread. The other end was tied to a glass rod which was mounted on a manipulator. The muscle length was adjusted to the resting value (sarcomere lengths 2.2-2.4 ,um) by the manipulator. The isometric tension was recorded by the strain gauge transducer coupled with an amplifier (Nihon Kohden AP600G) and a pen oscilloscope (Nihon Kohden RM600). Muscles were stimulated supramaximally through a pair of Ag-AgCl2 electrodes connected to a rectangular pulse generator (Nihon Kohden SEN3201). Prior to the experiment, preparations were stimulated electrically at 60 Hz for 0.2-0.5 sec to measure the maximum tetanic tension (P0).
The Ringer's solution consisted of 115 mM NaCI, 2.5 mM KC1,1.8 mM CaC12, and 5 mM Tris-maleate buffer (pH 6.80). Twenty ,ug/ml of d tubocurarine was added to Ringer's solution. The rapid cooling experiments were carried out with the following procedure. First, the muscle was bathed at room temperature (20°C) in the Ringer's solution containing caffeine, CPZ, and HPD. This pretreatment lasted longer than 15 min. Then the bathing solution was replaced quickly with the Ringer's solution at 4°C containing the chemicals, caffeine, CPZ, or HPD. CPZ and HPD were obtained from Shionogi Pharmaceutical Co., Ltd. (Osaka) and Dainippon Pharmaceutical Co., Ltd. (Osaka) respectively. In some experiments procaine (Sigma) or dantrolene sodium (Yamanouchi) was used.
RESULTS

1) Caffeine-RCC
Caffeine-RCC was observed after the pretreatment with caffeine at concentrations greater than 0.4 mM. The isometric tension of caffeine-RCC was increased with the concentration of caffeine until the tension saturated at the concentration of about 1.0 mM (Fig. 1) . A tonic contracture was observed at room temperature when the muscle was immersed in a bathing medium containing more than 1 mM caffeine; this contracture was irreversible. On the other hand, the rapid cooling contracture at low concentrations (0.4-1 mM) of caffeine was fully reversible.
2) CPZ-RCC
The twitch tension at room temperature was decreased by CPZ (Fig. 6) ; at the concentration of 150 uM the tension was completely abolished. A tonic contracture was observed at room temperature when the concentration of CPZ was greater than 200 µM. The CPZ-RCC was observed after the pretreatment with CPZ at concentrations greater than 50 ,uM; the tension saturated at 100 µM (Figs. 2 and 3) . The maximum contracture tension of CPZ-RCC was about 0.75P0, smaller than that in caffeine-RCC (>0.80P0). The half maximum time of CPZ-RCC was about 3-4 sec, longer than that in caffeine-RCC (1-2 sec). The development of the RCC was slower at lower concentrations of CPZ. Vol. 35, No. 2, 1985 Fig. 1. Records of twitch, tetanus, and caffeine rapid cooling contractures (caffeine-RCCs) in frog toe muscle, First, twitch and tetanus were observed in normal Ringer's solution. Then, caffeine-RCCs were observed at various concentrations of caffeine. The wide base-lines were due to the contamination of the dirft. The CPZ-RCC was also observed in a bathing medium of K-solution (94 mM K2SO4, 1.8 mM CaCl2, 5 mM Tris-HC1 buffer, pH 6.80) in which the muscle membrane was supposed to be completely depolarized.
3) HPD-RCC HPD also inhibited twitches; the twitch tension was abolished at concentrations greater than 100 ,uM. HPD-RCC was observed after pretreatment with HPD at concentrations greater than 25 ,uM. The contracture tension was smaller than those of caffeine-RCC and CPZ-RCC (Figs. 4 and 5) . The tension development during HPD-RCC was much slower than during caffeine-RCC. The maximum contracture tension was about 0.25 Po and was obtained at the HPD concentration of 50 tiM. The tension saturated at 50 ,uM, a lower concentration than that in CPZ-RCC. We used a small amount of lactic acid to dissolve HPD in Ringer's solution, however, there was a problem in the concentration of HPD in this experiment. As reported by PENCEK et al. (1978) , HPD was soluble in filled circles, the relative tensions of Japanese Journal of Physiology water below 50 ,uM. Then it was suggested that the actual concentration of HPD might be below 50 ,uM in the present experiment.
4) Effects of dantrolene and procaine on RCCs
Dantrolene (10 ,uM) reduced the tension during caffeine-RCC (1 mM caffeine) by 70%, and that during CPZ-RCC (100 ,uM CPZ) by 40% (Fig. 6) . The rate of rise of tension in CPZ-RCC was also reduced by dantrolene.
Procaine (0.25-0.5 %) completely abolished caffeine-RCC and suppressed CPZ-RCC (100 ,uM CPZ) by 60% (Fig. 6) . The rate of rise of tension during CPZ-RCC was greatly reduced by the treatment with procaine.
DISCUSSION
Our observations on caffeine-RCCs agreed with those of SAKAI et al. (1972) . Namely, the maximum tension of caffeine-RCC (>0.8P0) and the relation between the tension and the caffeine concentration found in the present experiments ( Fig. 1) were almost the same as those reported by SAKAI et al. (1972) . Sakai and his colleagues SAKAI and KURIHARA, 1974) have attributed the caffeine-RCC to a synergistic effect of caffeine and the rapid cooling on Ca2+ transport system of the SR. This interpretation is based on the experiments by OGAWA (1970) and NISHIJIMA et al. (1972) on fragmented SR showing that both cooling and caffeine treatment induce Ca2+ release from SR and suppress Ca2+ uptake by SR.
In the present study, CZP inhibited twitch contraction but induced RCC (Fig. 2) . The fact that CPZ-RCC occured in the K-solution suggested that CPZ-RCC was independent of the membrane potential across the sarcolemma. BALZER et al. (1968) have shown that CPZ inhibits active Ca2+ transport in the fragmented SR, i.e. both the efflux and the influx of Ca2+ through the SR membrane are diminished by CPZ. Moreover, they have demonstrated that the inhibition of Ca2+ transport is temperature dependent (Q10=5.0). On the other hand, in skinned muscle fibers, CPZ at low concentrations (10-50 /AM) releases Vol. 35. No. 2.1985 Fig . 6 . Effects of dantrolene and procaine on CPZ-RCC in frog toe muscle. First, the effects of CPZ (100 µM) on twitch and CPZ-RCC were observed. Then the effects of dantrolene sodium (dantorium) and procaine on the CPZ-RCC were observed.
Ca2+ from SR (TAKAGI, 1979) . Recently, BINDOLI and FLEISCHER (1983) have observed Ca2+ release from the fragmented SR by a synergistic effect of CZP and sulf hydryl reagents. These observations have led us to an interpretation that CPZ-RCC, observed in the present study, may be caused by a release of Ca2+ from SR and an inhibition of Ca2+ uptake by SR. In HPD-RCC, the tension saturated at a low concentration of HPD (50 ,uM) and the maximum tension was small (0.25P0) (Figs. 4 and 5) . The effect of HPD on the ion transport through the SR membrane has not been studied. However, the present results suggest that the effect on the Ca2 + transport may be similar to that of CPZ.
The inhibitory effects of dantrolene and procaine on CPZ-RCC were less marked than those on caffeine-RCC (Fig. 6 ). The effect of procaine on the CPZ induced Ca2+ release from SR has already been studied in skinned muscle fibers (TAKAGI, 1979) ; the Ca2+ release is diminished but not completely abolished. The inhibitory effect of procaine on caffeine-RCC has been considered to be due to an inhibition of Ca2+ induced Ca2+ release from SR (EBASHI and ENDO, 1976) . The present observation that the inhibitory effect of procaine was less significant in CPZ-RCC suggests that Ca2+ induced Ca2+ release may not be the sole mechanism of tension production in CPZ-RCC. It is possible that an inhibition of Ca2+ uptake by SR is contributing to CPZ-RCC.
Dantrolene decreased the rate of tension rise during CPZ-RCC (Fig. 6 ). Dantrolene has been known to inhibit the release of the trigger Ca2 + during caffeine-RCC (HoMMA et al., 1976) . The same mechanism may be responsible for the observed effect of dantrolene on CPZ-RCC.
Multiple actions of CPZ and HPD on striated muscle have been studied in relation to a side effect of those neuroleptics, the neuroleptic malignant syndrome (TAKAGI, 1976 (TAKAGI, , 1979 . This malignant syndrome is characterized by high fever, disturbance of consciousness, increased muscle rigidity, and increased serum creatinephosphokinase (CPK). It has been reported that the skinned muscle fibers isolated from patients of the neuroleptic malignant syndrome show a marked Ca2+ release from SR on application of CPZ (TAKAGI, 1976) . Similar results have been obtained in patients with malignant hyperthermia caused by a anesthetic, halothane (BRITT, 1974) . Recently, KURIHARA et al. (1984) have observed that RCC in frog striated muscle is enhanced by another anesthetic, enfluene. These observations suggest that the hypersensitivity to the neuroleptics or to the anesthetics may be due to an abnormal tendency of SR to release a great amount of Ca2+ in reaction to these drugs.
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